Sidhu SK, Hoffman BW, Cresswell AG, Carroll TJ. Corticospinal contributions to lower limb muscle activity during cycling in humans. The purpose of the current study was to investigate corticospinal contributions to locomotor drive to leg muscles involved in cycling. We studied 1) if activation of inhibitory interneurons in the cortex via subthreshold transcranial magnetic stimulation (TMS) caused a suppression of EMG and 2) how the responses to stimulation of the motor cortex via TMS and cervicomedullary stimulation (CMS) were modulated across the locomotor cycle. TMS at intensities subthreshold for activation of the corticospinal tract elicited suppression of EMG for approximately one-half of the subjects and muscles during cycling, and in matched static contractions in vastus lateralis. There was also significant modulation in the size of motor-evoked potentials (MEPs) elicited by TMS across the locomotor cycle (P Ͻ 0.001) that was strongly related to variation in background EMG in all muscles (r Ͼ 0.86; P Ͻ 0.05). When MEP and CMEP amplitudes were normalized to background EMG, they were relatively larger prior to the main EMG burst and smaller when background EMG was maximum. Since the pattern of modulation of normalized MEP and CMEP responses was similar, the data suggest that phase-dependent modulation of corticospinal responses during cycling in humans is driven mainly by spinal mechanisms. However, there were subtle differences in the degree to which normalized MEP and CMEP responses were facilitated prior to EMG burst, which might reflect small increases in cortical excitability prior to maximum muscle activation. The data demonstrate that the motor cortex contributes actively to locomotor drive, and that spinal factors dominate phase-dependent modulation of corticospinal excitability during cycling in humans.
transcranial magnetic stimulation; knee extensors; electromyography LOCOMOTOR TASKS ARE CHARACTERIZED by an automated, rhythmic pattern of muscle activation and are thought to encompass minimal conscious control. There is extensive evidence to suggest that locomotion (e.g., walking, running, and swimming) is primarily produced by subcortical processing centers in quadrupeds (Grillner 1981) . The basic alternating rhythm is produced by spinal circuits known as central pattern generators (CPGs), which can be driven via tonic inputs from brainstem locomotor regions, and shaped and amplified by spinal reflex pathways (Forssberg et al. 1977; Grillner 1981) . In humans, similar interactions to those seen in quadrupeds have also been documented. Studies investigating mechanisms of interlimb coordination (Dietz 2002; Zehr et al. 2009 ) and regulation of spinal reflexes (Zehr and Stein 1999) suggest that the neuronal control of locomotion is similar between quadrupeds and humans. There is also indirect evidence for the existence of CPGs in humans (see Zehr and Duysens 2004 for review) derived from studies in infants (Yang et al. 2004 (Yang et al. , 2005 and patients with spinal cord injury (Calancie et al. 1994; Dimitrijevic et al. 1998) .
Although decerebrate preparations indicate that subcortical circuits are sufficient to enable locomotion in quadrupeds, there is evidence from intracortical recordings that descending corticospinal drive plays at least some direct role in the production of locomotor drive in intact animals (Armstrong 1986 (Armstrong , 1988 . While this cortical activity is important for visual guidance in precision tasks and/or gait modifications in response to extrinsic influences (Armstrong 1988; Armstrong and Marple-Horvat 1996) , the role of the motor cortex may not be restricted to precision tasks since a lesion of the corticospinal tract in cats led to foot drop even during uncomplicated walking (Drew et al. 2002) . In primates, the more extensive corticospinal projections to motoneurons suggest a greater relative involvement of the corticospinal tract in producing locomotor drive (Porter and Lemon 1993) . There is also evidence from studies involving brain imaging techniques including PET and MRIs demonstrating that the cerebral regions are active during locomotion (i.e., cycling and walking) in humans (Christensen et al. 2000; Fukuyama et al. 1997; Mehta et al. 2009 ). Furthermore, transcranial magnetic stimulation (TMS) has been used to show that the responsiveness of the corticospinal tract is modulated during walking in intact humans (Bonnard et al. 2002; Capaday et al. 1999; Christensen et al. 2001; Petersen et al. 2001; Schubert et al. 1999) . However, the most compelling evidence that the motor cortex contributes to locomotor drive comes from experiments that applied TMS to the motor cortex during walking at intensities subthreshold for the generation of a descending volley (Barthelemy and Nielsen 2010; Petersen et al. 2001) . The technique is based on the observation that, at low intensities, TMS preferentially activates the low threshold intracortical inhibitory neurons projecting onto corticospinal cells, such that the corticospinal cells can be inhibited without direct activation of descending projections to the segmental motoneuron pool (Butler et al. 2007; Davey et al. 1994) . Thus if the corticospinal cells make an active contribution to motoneuronal drive during muscle activation, a decrement in output from these cells via action of intracortical inhibitory mechanisms would suppress the ongoing EMG (Barthelemy and Nielsen 2010; Blouin and Fitzpatrick 2010; Petersen et al. 2001; Zuur et al. 2010) .
To date, most of the research that has considered the potential role of the motor cortex in the control of human locomotion has focused on walking, rather than cycling. Since reflex modulation studies suggest common spinal control mecha-nisms across locomotive tasks (e.g., walking vs. cycling; forward and backward locomotion) (e.g., Brown and Kukulka 1993; Lamont and Zehr 2006; Zehr et al. 2007; Zehr and Haridas 2003; Zehr and Hundza 2005) , it seems likely that corticospinal contributions are also similar across tasks (Pyndt and Nielsen 2003; Schubert et al. 1997) . TMS has been used to investigate the access of the corticospinal tract to muscles during both upper and lower limb cycling (Carroll et al. 2006; Pyndt and Nielsen 2003) . While responses in lower leg muscles were facilitated relative to matched static contractions (Pyndt and Nielsen 2003) , the converse was evident in arm muscles (Carroll et al. 2006) . The disparate observations between these studies suggest differences in the relative contribution of corticospinal vs. spinal mechanisms during locomotion involving upper vs. lower limbs. Regardless, no study has investigated TMS responses in thigh muscles that are major contributors to the task of lower limb cycling (Ericson 1986 ). Furthermore, few studies have been able to distinguish between cortical and spinal contributions to corticospinal modulation during locomotor tasks, since responses elicited by TMS can be influenced by changes in excitability of cortical neurons and spinal motoneurons. One method of directly measuring motoneuronal excitability involves stimulation of the descending tracts at the cervicomedullary junction (i.e., cervicomedullary stimulation; CMS). While responses evoked by TMS incorporate changes in excitability from the level of the motor cortex, those evoked by CMS provide a measure of changes in corticospinal excitability from below the corticospinal cell output, i.e., responsiveness of the corticospinal axons and the segmental motoneuron pool (Taylor and Gandevia 2004; Ugawa et al. 1991) .
The aim of the present study was to characterize the cortical contribution to the neural control of locomotor cycling within the lower limb muscles via two complementary approaches. 1) We first applied subthreshold TMS to examine whether there is suppression of the ongoing cycling EMG (study 1). Any reduction of cycling EMG in response to the subthreshold stimulation would imply the direct involvement of the motor cortex in the production of locomotor drive.
2) We examined how responses to corticospinal stimulation (TMS and CMS) were modulated across all phases of the locomotor cycling pattern (study 2).
METHODS

Subjects
Nineteen subjects (25.7 Ϯ 1.3 yr old; 8 males) participated in study 1 and 16 subjects (28.7 Ϯ 1.5 yr old; 12 males) participated in study 2. For study 2, five of the subjects participated in an additional session with cervicomedullary-evoked potentials (CMEPs) elicited during cycling (see below). All subjects were healthy with no history of neurological disorders. Experimental procedures were explained to each subject, and informed consent was obtained prior to participating in the study. The experimental procedures conformed to the Declaration of Helsinki and were approved by a local university ethics committee.
Cycle Ergometer Subject Set Up
Subjects were set up on the cycle ergometer with their feet strapped into the pedals while they rested their arms on a custom made frame securely attached to the front of the ergometer (Fig. 1 ). Attached to the frame was a chin rest that was used to ensure that the upper body and head were kept stable during cycling. This enabled a consistent and reliable application of TMS.
Knee Position/Crank Angle Recordings
In eight subjects (study 2), a calibrated goniometer was attached to the knee joint using medical tape to measure changes in knee joint angle position during cycling and the corresponding angular velocity (via online differentiation of the position signal). For the remaining subjects (both study 1 and 2), the crank angle was monitored continuously via a calibrated potentiometer attached to the pedal.
Electromyography Recordings
After careful preparation of the skin surface with shaving, abrasion and alcohol swabs, electrodes were positioned over the muscle bellies of the right knee extensors (rectus femoris, RF; vastus lateralis, VL; vastus medialis), knee flexor (biceps femoris, BF), dorsiflexor (tibialis anterior, TA), and plantar flexor (soleus, SOL). EMG was recorded via bipolar configurations (Ag-AgCl, 10-mm diameter, 2-cm interelectrode distance) positioned over the muscle bellies. EMG signals were amplified (100 -1,000 times; MA300 DTU; Motion Lab Systems), band pass filtered (30 -1,000 Hz), and analog to digitally converted at a sampling rate of 2,000 Hz using a 16-bit Micro 1401 mk-II and Spike 2 data collection software via custom written scripts (Cambridge Electronic Design). Data collected were stored on a PC for further analysis.
Protocol
Study 1. Maximum EMG activity of VL during cycling at a workload of 100 W and a cadence of 80 rpm was initially measured, and the relationship between crank angle and VL EMG activity was determined. The chosen workload and cadence felt natural for subjects to perform and could be maintained easily for bouts lasting ϳ2 min. While a cadence of 80 is common in sporting contexts, lower cadences are often used in rehabilitation. However, we do not expect that the basic control mechanisms of cycling should be sensitive to subtle differences in cadence, since CPGs are known to contribute to a wide range of gait speeds and patterns (Shik et al. 1966; Sirota et al. 2000) .
The optimal location and intensity to elicit MEPs in the right leg muscles were determined using a magnetic stimulator (model 200 2 ; Magstim) and a concave, double-cone coil (130-mm diameter). The junction of the TMS coil was aligned tangentially with the sagittal plane, with the center of the coil 1-2 cm to the left of the vertex of the head. The coil was orientated so that the induced current flow within the cortex was in a posterior to anterior direction. The position was marked directly on the scalp for accurate placement throughout the session by the experimenter.
Active motor threshold (AMT) intensity (mean intensity: 31.6 Ϯ 1.7% of maximum stimulator output) was determined while subjects were seated on the cycle ergometer, at the crank angle selected for eliciting stimulations throughout the study. The chosen crank angle corresponded to the position where EMG activity in VL was rapidly increasing and close to its peak amplitude. AMT was taken as the lowest intensity of the stimulator that elicited an MEP clearly distinguishable from the background EMG in three out of five pulses during submaximal knee extension (10% of maximum cycling EMG of VL). Once this intensity was established, 16 TMS pulses and 16 nonstimulated, control pulses were applied in random order during cycling at the selected crank angle. The average waveform EMG trace was determined for a 100-ms window beginning from 20 ms prior to each pulse. The waveform average of the rectified EMG was monitored online (from both stimulated and nonstimulated pulses) and overlaid for determining the effect of the stimulation on EMG. The latency of the MEP was also recorded from the average EMG trace and used to help predict the latency at which inhibition would develop (ϳ10 ms after the latency of facilitation) (also see Petersen et al. 2001 ). The stimulator intensity was then decreased, and 16 more pulses were applied during cycling. This procedure was repeated until inhibition without prior facilitation was observed in the EMG trace at the predicted latency. Once the subthreshold intensity was attained (mean intensity: 18.4 Ϯ 0.4% of maximum stimulator output; mean % of AMT: 59.8 Ϯ 2.6%), a minimum of 100 TMS and nonstimulated pulses were applied during repeated 2-min bouts of cycling (with at least 3 min of rest in between trials to minimize the effects of fatigue) to obtain a waveform average EMG trace. As has been described before (Barthelemy and Nielsen 2010; Petersen et al. 2001 ), a large number of stimulated and nonstimulated pulses (up to 200) are necessary in this technique to see effects of the stimulation that are not apparent when only a small number of pulses are used. The selected crank positions also coincided with reasonably large EMG level in the other leg muscles (see Fig. 1 ), consequently allowing the observation of inhibition in some of these muscles concurrently.
To compare the extent of EMG inhibition in cycling vs. static trials, 10 subjects were seated in a chair and performed isometric knee extension contractions against a solid resistance (40 kg weight) so as to match the level of VL EMG at the point of stimulation during cycling. Subjects were provided with visual feedback of the rectified and smoothed target EMG to match. Each contraction was held for 5-10 s during which TMS and control pulses were elicited in random order. The trials were repeated with sufficient rest in between to minimize fatigue. The waveform average EMG was measured and monitored identically to that during cycling, with at least 100 stimulated and nonstimulated pulses applied to the subject.
Study 2. Initially, maximum EMG activity of RF during cycling at a workload of 100 W and a cadence of 80 rpm was determined by having subjects cycle for 2 min. Once the cycling was completed, the EMG signal was rectified before average waveform analysis was performed on a 20-s segment midway through the bout of cycling. Maximum cycling EMG was then measured from this 20-s segment and used to set the level of submaximal contractions throughout the study. During cycling, transcranial magnetic stimulation (TMS) coil was held stable at optimal position on motor cortex throughout the session by an experimenter. Self-adhesive electrodes attached to the groove between the mastoid process and the occiput was used to activate the descending tracts at the cervicomedullary junction (i.e., cervicomedullary stimulation, CMS). Responses were measured from vastus lateralis (VL), rectus femoris (RF), vastus medialis (VM), biceps femoris (BF), tibialis anterior (TA), and soleus (SOL). B: typical waveform averaged EMG in a single subject with respect to crank angle (deg). Arrow represents the selected position for eliciting TMS pulses in the selected subject. Gray areas represent the group range (339°-69°) of crank angles during which a specific position with respect to VL was selected. The selected positions corresponded to reasonably large EMG levels in other leg muscles.
The active MEP threshold (AMT) intensity was determined while subjects were seated comfortably on a chair, by adjusting the intensity of the stimulator until the lowest intensity was found where an MEP was clearly distinguishable in RF from the background EMG in three out of five pulses during isometric submaximal knee extension (10% maximum cycling EMG of RF). The stimulator intensity used for the remainder of the study was set 20% above the active MEP threshold (mean: 52% of maximum stimulator output, range: 30 -60%).
With subjects seated on the cycle ergometer in their normal cycling posture, the maximum compound muscle action potential (M max ) was measured using a constant voltage stimulator (model DS7AH, Digitimer; pulse width: 200 -500 s) and a stimulating probe. The probe was placed and held by the experimenter on the femoral nerve approximately midway between the greater trochanter and iliac crest on the right leg. The optimal intensity to elicit M max was determined at eight selected positions of the crank angle (i.e., 0, 45, 90, 135, 180, 225, 270, 315°) at rest by increasing the stimulation intensity gradually until the size of the M-wave failed to increase with further increases in intensity. The level of stimulation was then increased by 20%, and three M max were elicited and measured at this supramaximal intensity. This procedure was repeated at each of the selected crank positions. In three pilot subjects, we found that M max was not different when elicited during cycling compared with rest at the same crank position, although much higher stimulus intensities were required to ensure supramaximal stimulation during cycling.
Five subjects participated in a session in which an electrical percutaneous stimulator was used to activate the descending tracts at the back of the neck to evoke responses (i.e., CMEPs) in the knee extensor (RF and VL) and flexor (BF) muscles during cycling. This was done by passing a high-voltage pulse (duration 100 s; D-185 mark IIa, Digitimer) between a set of self-adhesive electrodes attached to the skin in the groove between the mastoid process and the occiput (1-2 cm posterior and superior to the tip of the mastoid processes with the cathode on the left and contralateral to the right knee extensors). The intensity of the stimulator was set to produce ϳ10% of M max size in VL (mean intensity: 380 Ϯ 20 V) during a submaximal contraction (20% of maximum EMG measured during MVC).
Subjects performed 10 (TMS) or 4 (CMS) bouts of cycling with 3 min of rest between each bout. During each bout, TMS or CMS was applied 10 times with a pseudo-randomly determined interstimulus interval of between 5 and 7 s. The random timing of the stimulations caused responses (i.e., MEPs and CMEPs) to be elicited in all phases of the cycle.
Data and Statistical Analysis
Study 1. For data collected during both cycling and static contractions, the average waveform EMG trace with stimulations was overlaid with the average waveform EMG trace with no stimulations (control trace). The onsets and offsets of the facilitation and inhibition were determined according to the method described by Zuur et al. (2010) . Facilitation was defined as when the mean amplitude of the stimulated trace was larger than the amplitude of the control trace at the expected MEP latency. Suppression was defined as any period in which the average EMG for the stimulated condition was less than control EMG for at least 4 ms in between 20 and 50 ms for the knee extensors and 30 and 60 ms for the lower leg muscles. Suppression was only quantified in trials where no facilitation was observed. To quantify the amount of suppression, mean area of the EMG activity between the two cursors was determined for both the stimulated and control trace. The degree of suppression was expressed as a percentage of the area of the stimulated trace to the control trace. Unpaired t-tests were conducted to compare EMG rms levels at which stimulations were elicited and to directly compare the degree of suppression between cycling and static trials. All data are reported as means Ϯ SE. Statistical significance was set at P Յ 0.05.
Study 2. Data were analyzed via custom written Spike 2 software scripts. The peak-to-peak amplitude of MEPs, CMEPs, and M max from each muscle was measured between cursors that were manually placed at the start and end of each response by visual inspection. The data from one person was excluded from the analysis for the VL muscle as the electrodes came off unexpectedly during cycling.
It is important to characterize the pattern of modulation in background EMG during cycling (Ericson 1986; Pyndt and Nielsen 2003) , because it is likely that variations in EMG activity across the cycle could partially account for any phase-dependent changes in the responses evoked. To see this effect, the full-wave rectified waveform average of ϳ25 cycles (i.e., extracted from 20 s of cycling), when there were no stimulations elicited, was obtained for each muscle. The commencement of one cycle was defined at the start of the burst of rectified cycling EMG in VL and the end was defined just prior to the next burst. The total time taken for one full EMG cycle was measured. The responses were binned and averaged in 12 equal time bins.
To account for muscle-dependent changes in RF and VL, the average MEP size for each bin was normalized to the average M max size elicited at rest in the angle position closest to the corresponding bin. Responses in the other muscle groups (where M max was not measured) were analyzed in their absolute form.
The average of MEP, CMEP, and EMG amplitude in each bin for each subject was expressed as a percentage of the maximum amplitude across all 12 bins. Univariate single factorial ANOVAs with repeated measures on bin were performed on MEP and CMEP responses in all muscle groups (for RF and VL, this was performed on both the data sets with and without normalization to M max ). Pearson's correlation coefficients were also calculated to determine the relationship between group mean MEPs and CMEPs vs. EMG. To determine whether the relationship between the evoked response (i.e., MEPs and CMEPs) size and ongoing muscle activity varied across the locomotor cycle, the responses in each bin were normalized to the mean background EMG within the corresponding bin. The average MEP and CMEP normalized to EMG amplitude in each bin for each subject was expressed as a percentage of the maximum amplitude across all 12 bins. Univariate single factorial ANOVAs, with repeated measures on bin, were performed to examine the effect of EMG phase on normalized MEP and CMEP amplitude in all muscles. When ANOVA revealed a significant effect, planned contrasts were used to test for differences in evoked responses between each bin and the peak EMG bin. All data are reported as means Ϯ SE. Statistical significance was set at P Յ 0.05.
RESULTS
Study 1
Subthreshold TMS during cycling. Stimulation of the motor cortex by subthreshold TMS evoked suppression of rectified EMG during cycling in VL (reference muscle) and other non-target muscles. The crank position at which stimulation pulses were elicited ranged between 339°and 69°for the group (see Fig. 1 ).
In each muscle group, inhibition was evident in ϳ50% of the subjects, occurred ϳ10 ms after facilitation, and lasted for ϳ7 ms. The amount of suppression ranged between 11 and 17% of the mean EMG from unstimulated sweeps. Figure 2 illustrates representative data from a single subject, and Table 1 summarizes the group mean values in all muscle groups.
Subthreshold TMS during static contractions. Of the 10 subjects who performed static knee extension contractions, 8 subjects exhibited inhibition without prior facilitation within the EMG trace of VL, and 5 of these 8 subjects demonstrated inhibition during both cycling and static contractions. The EMG rms produced during matched static contractions was not different to that during locomotion (static ϭ 0.025 Ϯ 0.007 mV; cycling: 0.055 Ϯ 0.02 mV; t 19 ϭ 1.16; P ϭ 0.26). The latency of suppression was ϳ10 ms after facilitation (facilitation: 22.3 Ϯ 1.4 ms; suppression: 35.7 Ϯ 1.0 ms), and the amount of suppression observed during static contractions was not significantly different from that during locomotion (static: 18.2 Ϯ 2.0%; cycling: 13.5 Ϯ 1.4%; t 19 ϭ 1.99; P ϭ 0.06).
Study 2
MEPs and CMEPs vs. EMG. Figure 3 shows the group average MEP, CMEP, and EMG amplitudes across bins 1 to 12, demonstrating that across all muscle groups and locomotor phases, the pattern of modulation was similar. The MEP responses were modulated significantly with a change in EMG phase (i.e., bin) during cycling in all muscles (F 11, 110 Ͼ 5; P Ͻ 0.001). Similarly, CMEP responses were significantly modu-lated with change in EMG phase in all muscles (F 11, 44 Ͼ 7; P Ͻ 0.001). In addition, when muscle-dependent changes (via normalization to M max ) were accounted for, both MEP (F 11, 99 Ͼ 9; P Ͻ 0.001) and CMEP (F 11, 44 Ͼ 8; P Ͻ 0.001) modulations in RF and VL remained. The variation in MEP and CMEP amplitude across the cycle was strongly related to changes in background EMG (i.e., which provides a crude indication of motoneuron excitability) in all muscle groups (0.78 Յ r Յ 0.98; P Ͻ 0.05).
MEPs and CMEPs (normalized to EMG). Since some of the modulation in MEP and CMEP size might be attributed to changes in background EMG activity (see Fig. 3 ), responses were normalized to the waveform average of cycling EMG during which no stimulations were elicited (see Fig. 4 ). The data indicate that there were intermuscle differences in the behavior of normalized (to EMG) MEPs vs. CMEPs across the locomotor cycle. The normalized MEP amplitudes were significantly (52) 27.0 Ϯ 0.5 37.5 Ϯ 0.8 7.1 Ϯ 0.5 13.9 Ϯ 1.5 SOL (42) 30.0 Ϯ 0.5 43.7 Ϯ 1.0 6.9 Ϯ 0.8 16.9 Ϯ 3.2
Values are means Ϯ SE. Summary of latencies (facilitation and inhibition; ms), duration (ms), and amount of inhibition (percentage; %) in the muscle groups investigated (i.e., VL, RF, VM, BF, TA, SOL). n ϭ number of subjects demonstrating inhibition out of total 19 subjects tested. different across the cycle in RF, VL, and TA (F 11, 110 Ͼ 2.0; P Ͻ 0.05; see Fig. 4, A,C, and G) but not in BF and SOL (F 11, 110 Ͻ 1.7; P Ͼ 0.05; see Fig. 4, E and H) . The data (see Fig. 4 ) indicate that the normalized MEP responses were relatively larger when background EMG amplitude was low and smaller during bins with maximum EMG. Thus, responses in the low EMG phase were compared against responses in maximum EMG bin (i.e., bin 4 for RF and VL and bin 1 for TA; Fig. 4, A, C, and G) . Specifically in VL, normalized MEP amplitudes in bins 12 and 1 were significantly larger (F 1, 10 Ͼ 12.3; P Ͻ 0.05) than the responses in bin 4 ( Fig. 4C) . For TA, the normalized responses were significantly larger (F 1, 10 Ͼ 6.0; P Ͻ 0.05) in bins 2-6 when compared against the responses in bin 1 (Fig. 4G) . Normalized CMEP responses were significantly different across cycle in VL and BF (F 11, 44 Ͼ 2.6; P Ͻ 0.05; see Fig. 4 , D and F) but not in RF (F 11, 44 Ͻ 1.1; P ϭ 0.42; see Fig. 4B ). Thus, responses in low EMG phase were compared against responses in maximum EMG phase for VL and BF (i.e., bins 4 and 6, respectively; Fig. 4, D and F) . In BF, CMEPs were signifi-cantly greater (F 1, 4 Ͼ 8.3; P Ͻ 0.05; Fig. 4F ) in bins 1-5 when compared against bin 6.
DISCUSSION
The current results demonstrate that TMS, at subthreshold intensities, can suppress ongoing EMG in many of the major lower limb muscles during cycling. This implies a direct contribution of the motor cortex to lower limb muscle activation during cycling. The results also provide new evidence of phase-dependent modulation of MEPs and CMEPs elicited in the upper leg muscles (RF, VL, and BF) during cycling. Since both MEPs and CMEPs (absolute and normalized to EMG) evoked in the knee extensors were similarly modulated across the EMG cycle, the pattern of changes in MEPs appears to depend mainly on spinal mechanisms.
Subthreshold TMS During Cycling and Static Contractions
The subthreshold TMS results provide evidence that the motor cortex plays a direct role in driving the major lower limb muscles during cycling. This was shown via activation of intracortical inhibitory interneurons and the consequent suppression of background EMG. Previous studies have provided evidence that this suppression is driven by the cortex (Davey et al. 1994; Petersen et al. 2001) . First, the application of stimulation from below the cortex failed to induce such suppression (Petersen et al. 2001) . Second, the observation of simultaneous inhibition in agonist-antagonist muscle pairs is inconsistent with a mechanism of inhibition driven by spinal reciprocal inhibitory interneurons (Petersen et al. 2001; Zuur et al. 2010 ). In the current study, inhibition was also demonstrated simultaneously in both the knee flexors and extensors.
The main characteristics of the inhibition observed in the current study is consistent with the results of previous studies that have used a similar technique during static upper limb contractions (Butler et al. 2007; Davey et al. 1994 ) and in and lower limb muscles during walking (Barthelemy and Nielsen 2010; Petersen et al. 2001 ) and hopping (Zuur et al. 2010) . As it has been previously noted (Barthelemy and Nielsen 2010) , a lack of observable inhibition in some subjects does not necessarily imply that the cortex did not contribute to efferent drive in these cases. Rather, a lack of inhibition might reflect that the thresholds for activation of the inhibitory vs. excitatory intracortical interneurons were similar. While the target muscle for the subthreshold inhibition was VL, suppression of voluntary activity was also noted in most other major lower limb muscles. In fact, the extent of inhibition induced in all the muscle groups was very similar (ϳ11-17%), indicating that the threshold of inhibitory interneurons to activation, and the location of these cells with respect to the muscles and coil, were probably similar. These observations are in contrast to previous reports in which it was demonstrated that distal arm muscles showed greater inhibition than proximal muscles (Barthelemy and Nielsen 2010) . The differences between studies might be a reflection of task-or limb-dependent variations (i.e., walking vs. cycling or arms vs. legs).
On average, the amplitude of EMG suppression was greater during static contractions compared with that during locomotion. Although this is consistent with the possibility that the cortex contributes more to efferent drive during static contractions than during cycling, the evidence is equivocal since variations in the extent of inhibition could also be due to differences in the threshold for activating the relevant inhibitory interneurons in the two contexts. 
Modulation of MEPs and CMEPs During Cycling
It is well established that the size of MEPs increases with voluntary EMG (Farina et al. 2004; Fuglevand et al. 1993; Rothwell et al. 1991) . Essentially, this is because both motor cortical and spinal cord excitability are considerably reduced at rest relative to that during muscle contraction (Di Lazzaro et al. 1998; Rothwell et al. 1991; Ugawa et al. 1995) . During voluntary movements, there is increased excitability of the motoneuron pool as more motoneurons are brought closer to their firing threshold by an enhancement in recruitment and firing rate of motoneurons (Bawa and Lemon 1993) . This suggests that at least part of the modulation of MEP responses across the locomotor cycle was driven by changes in the background EMG, as has been reported for lower leg muscles (Pyndt and Nielsen 2003; Schubert et al. 1997) . Because part of the response to TMS is mediated via transynaptic activation (via intracortical neurons) of corticospinal tract neurons, MEPs are potentially subject to both cortical and segmental modulation. To account for the possible influence of segmental factors, we used electrical stimulation of the descending tracts at the cervicomedullary junction during cycling. Cervicomedullary stimulation directly activates the corticospinal axons, ensuring the responses elicited were independent of cortical influences. Because the descending volleys produced by TMS and cervicomedullary stimulation travel in at least some of the same axons, comparisons between the two methods can be used to discriminate between cortical and segmental influences (Taylor and Gandevia 2004; Ugawa et al. 1991) .
Since both MEPs and CMEPs (absolute and normalized to EMG) were modulated similarly in the upper leg muscles (see Figs. 3 and 4 ), it appears that the pattern of changes in MEPs was driven mainly by changes at the spinal level, probably via input from CPGs or reflex pathways. However, there were subtle differences between normalized (to EMG) MEP vs. CMEP sizes prior to the EMG burst in VL (i.e., significant increase in MEPs at bins 12 and 1 but not in CMEPs; see Fig. 4, C and D) . Thus, it is possible that the excitability of cortical neurons increases briefly prior to start of the burst, but this was difficult to see with the methods and temporal resolution of the analysis used in the current study. Previous methodological studies have demonstrated similar pattern of changes in MEP vs. CMEP responses over a large range of contraction strengths indicating a dominant role of spinal factors in influencing the pattern of MEPs during contraction (Martin et al. 2006; Oya et al. 2008) . Because large increases in recruitment and firing rates of cortical neurons translate to only small increases in force (Evarts et al. 1983 ), any differences in modulation between MEPs and CMEPs would be expected in the phase when there was no EMG just prior to the burst.
In contrast, the lack of a similar increase in MEPs vs. CMEPs prior to EMG activation in the RF and BF adds to the argument that there are intermuscle (i.e., biarticular vs. monoarticular) differences in phase-dependent modulation of cortical vs. spinal excitability during cycling. In fact, facilitation in normalized CMEPs and no change in MEPs across the cycle in BF suggests a relative decrease in cortical excitability and a greater contribution from the spinal circuits (i.e., CPGs or reflex pathways) as has been shown in arm cycling (Carroll et al. 2006) . It is also interesting that inhibition via subthreshold TMS was induced in 14 out of 19 subjects in BF within study 1 (relatively more subjects that the reference muscle), when it was elicited at a position that corresponded approximately to the start of the burst for BF, possibly indicating that intracortical inhibitory interneurons related to this muscle were more excitable at this phase. In addition to illustrating that the cortex was directly involved in driving BF motoneurons in this phase, the greater relative excitability of the inhibitory interneurons may have contributed to the finding that CMEP responses were larger and MEP responses were not at the point in the cycling phase, suggesting a decreased excitability of corticospinal cells.
Implications
The current study provides new evidence that, in humans, the motor cortex contributes actively to drive the motoneurons of the major lower limb muscles during cycling. This was demonstrated via activation of inhibitory interneurons that led to suppression of EMG during cycling. While a similar pattern of changes in MEPs vs. CMEPs during cycling suggests that the changes in corticospinal responsiveness were driven mainly by changes at the spinal level, there were also subtle differences in the degree of facilitation of these responses prior to the EMG burst. In particular, the relative excitability of the cortical neurons was enhanced briefly prior to muscle activation in VL, but not in BF and RF. This suggests an interplay of cortical vs. spinal mechanisms underlying modulation of corticospinal excitability during cycling in humans. The results are broadly consistent with previous research in different locomotor tasks and muscle groups, and provide the necessary background to allow the investigation of alterations in the responsiveness of the motor cortex to various interventions (e.g., fatigue, environmental conditions, etc.) during locomotor cycling.
